We show that the spin axis offset of a fluxgate magnetometer can be calibrated with an electron drift instrument (EDI) and that the required input time interval is relatively short. For missions such as Cluster or the upcoming Magnetospheric Multiscale (MMS) mission the spin axis offset of a fluxgate magnetometer could be determined on an orbital basis. An improvement of existing methods for finding spin axis offsets via comparison of accurate measurements of the field magnitude is presented, that additionally matches the gains of the two instruments that are being compared. The technique has been applied to EDI data from the Cluster Active Archive and fluxgate magnetometer data processed with calibration files also from the Cluster Active Archive. The method could prove to be valuable for the MMS mission because the four MMS spacecraft will only be inside the interplanetary field (where spin axis offsets can be calculated from Alfvénic fluctuations) for short periods of time and during unusual solar wind conditions.
Introduction
Precise scalar magnetic field measurements provided by magnetometers as well as the electron drift instrument (EDI, Paschmann et al 1988 Paschmann et al , 1997 can be used to calibrate triaxial magnetometers. Fluxgate magnetometers (FGM) as well as vector helium magnetometers are known to have small drifts of the zero levels (also referred to as offsets). In the case of a threeaxis stabilized spacecraft, nine calibration parameters (three offsets, three gains and three angles that correct orthogonality) can be resolved. The ones for absolute orientation cannot be resolved. The method was derived by Merayo et al (2000) and applied, e.g., to calibrate the triaxial magnetometer onboard the Ørsted satellite (Olsen et al 2003) . For a spinning spacecraft it makes sense to solve for absolute spin plane gains (G 12 ), spin axis gain (G 3 ) and spin axis offset (O 3 ), because these parameters cannot be calculated via orthogonalization (Kepko et al 1996) .
The Equator-S mission carried an EDI mainly for test purposes before launch of the Cluster mission, with four such instruments (Paschmann et al 1999) . First comparisons between a FGM and an EDI were done for the Equator-S mission. Times of flight calculated from the FGM (Fornacon et al 1999) and EDI showed an agreement to better than 1% for an ∼85 nT field, after offset correction (Paschmann et al 1999) . In 2001, Cluster was launched with an improved set of EDI instruments. Georgescu et al (2005a) published statistical surveys on EDI detection efficiency, error analysis and comparisons between the FGM and EDI on Cluster. Minimization of the differences between EDI and FGM was done via offset adjustments (Georgescu et al 2005a) . Compared to the above comparisons by Paschmann et al (1999) and Georgescu et al (2005a) , our technique additionally corrects for relevant gain differences between the two instruments for the purpose of improved offset calculations.
Calculating the spin axis offset of a FGM with an EDI could be particularly useful for the upcoming Magnetospheric Multiscale (MMS) mission. In contrast to the Cluster mission, the four MMS spacecraft will only be in the solar wind for short periods of time and during unusual solar wind conditions. For
Cluster it was possible to calculate the spin axis offsets of the FGM inside the solar wind by using Alfvénic fluctuations (e.g. Leinweber et al (2008) and references therein). Such an approach will be much more difficult to undertake for MMS.
In this work the field magnitudes measured by the EDI onboard the spinning Cluster-1 and Cluster-3 satellites were used to calibrate the corresponding triaxial FGM (e.g. Balogh et al (2001) ).
For the convenience of the reader, a short introduction to the EDI is given below. The basic principle of an EDI is that, if a beam of electrons is sent out from a spacecraft, the electrons gyrate within the ambient magnetic field, and at the same time drift in the direction of E × B, which introduces deviations from a spiral-shaped trajectory as one expects in a uniform magnetic field in the presence of an electric field and possibly also a gradient of the magnetic field. The energy of the electrons alternates between 0.5 and 1 keV in the Cluster EDI. For the right starting direction of the electron beam generated by the EDI, i.e. the right combination of electric field and magnetic field, the beam can be detected again on the other side of the spacecraft, where the detector of the EDI system is located. Additionally the angular velocity of the spacecraft has to be compensated. The electrons do not have circular orbits because they drift with a drift velocity which consists of two components. The first component is due to the electric field and the second component is due to the gradient of the magnetic field according to equation (1):
with W being the energy of the electrons and e the charge of an electron. The drift velocity causes a drift step
with T g time of flight. If there are two electron guns and two detectors as on Cluster (see figure 1), the drift step can be continuously monitored via triangulation. A detailed description of the triangulation process can be found in Quinn et al (1999) .
For small fields (and therefore large gyro radii) the triangulation becomes less accurate but the measured times of flight, which are important for calculating the field magnitude, increase together with their relative accuracy. The triangulation is less accurate for small fields because the drift step becomes large compared to the triangulation base line (e.g. Paschmann et al (1999) ). Additionally measurements of the difference of the times of flight for the two beams increase in accuracy; thus the drift velocity can be calculated more precisely.
As can be seen from figure 1, electrons that are emitted parallel to v d have shorter times of flight than electrons that are emitted anti-parallel to v d (Paschmann et al 1999) . where T 1 is the time of flight as measured by detector one, T 2 the time of flight as measured by detector two and v e the electron velocity. The two detectors are facing in opposite directions. The drift due to the electric field is independent of the energy of the electrons. Thus, by using different energies the part of the drift that is caused by the electric field and the part that is caused by the gradient of the magnetic field can be separated.
For W 2 = 2W 1 the equations can be written as
The difference of the times of flight yields the drift velocity:
the magnitude of the magnetic field can be calculated from
where m e is the mass of an electron. An analysis of accuracy of the time of flight measurements for the Cluster EDI can be found in Georgescu et al (2005a) .
Calibration of a triaxial magnetometer with the EDI onboard a spinning spacecraft
After EDI data have undergone appropriate data cleaning procedures, magnetometer spin axis offsets can be crosschecked by comparison of the field magnitude as derived from EDI times of flight with the field magnitudes as measured by the magnetometer (see equation (2)). The used EDI times of flight data as well as magnetometer calibration files were downloaded from the Cluster Active Archive. For information on the archiving and cleaning of EDI data, see Georgescu et al (2005b) , and for Cluster magnetometer (FGM) calibration files, see Gloag et al (2005) .
Figures 2-4 show a comparison between EDI field magnitudes and FGM spin averaged field magnitudes for different field strengths. The figures show that there is a dramatic increase of noise toward higher field magnitudes in the EDI data.
To better characterize the noise behavior for calibration work we used EDI and FGM data that were measured during relatively quiet times between 2 January 2003 and 22 March 2003. We are especially interested in symmetric distributions of differences between EDI and FGM measurements across the whole range of measurements. Symmetric distributions allow us to use straightforward least-squares fits. Within our chosen interval that has good data coverage for both instruments, the EDI delivered ∼5.4 million data points after application of data cleaning procedures. The spin averaged FGM data were linearly interpolated to match the points in time of the EDI. Interpolation across data gaps was avoided. The FGM data in despun spacecraft coordinates were generated using calibration files from the Cluster Active Archive and the provided FGM processing software. The measurements were binned to 40 nT bins. Figure 5 shows the number of measurements per bin. One can see that there are few measurements below 40 nT. For each bin the RMS difference between the field magnitudes of the EDI and FGM was calculated (see figure 6). The RMS differences increase with the field magnitude. For the bins with the highest fields the RMS differences are above 3 nT. Additionally, the distributions (via histograms) of the differences for each of the bins were analyzed. Figure 7 shows systematic deviations from zero toward positive differences that increase with the field. In order to find whether the increase is linear, we did a linear fit to the Figure 6. RMS differences between EDI and FGM magnetic field magnitude per bin (before calibration). averages of all the differences for each bin. Figure 8 shows that the increase of the differences generally follows a straight line. This suggests that there is a significant difference in the gains between EDI and FGM.
Since there are almost no measurements of the EDI in low fields (in our chosen interval), finding zero levels is not possible without matching the gains between the two instruments. The equation for the gains and offsets can be written as shown below. By introducing correction factors for the FGM, an implicit decision was made to change the gains for the FGM but there is no proof that the FGM gains are incorrect. Since we are only interested in the spin axis offset, this assumption Figure 9. RMS differences between EDI and FGM for each bin after minimum search. is justified as follows. If we assume that both instruments have gain errors we can write the following equation:
bringing the EDI gain to the other side yields
Interpreting the gains as FGM gains or mixed EDI-FGM gains does not change the calculated spin axis offset. We decided to assume that G EDI = 1 and write
which transforms to Since the gains are always positive values it is possible to calculate
where the last term x 4 = G 2 3 O 2 3 was neglected because the zero level can be positive and negative. It can be assumed that the result for G 12 is correct and final because the neglected term does not contain G 12 . Since the fourth term was neglected, the results for G 3p and O 3p can still be improved (p-subscript means 'preliminary'). After application of G 12 a simple twodimensional minimum search algorithm can be used to find the final G 3 and O 3 , since those are the only unknowns that are left. The finest steps for offset and gain are 0.02 nT and 0.05%, respectively. Table 1 shows the results of the fits. The first fit has the lowest RMS value and the highest number of . After application of the results of the first fit the RMS increases again. After the minimum search the RMS is almost as low as for the first fit but with one parameter less. Our first fit had four parameters; now we applied three parameters: G 12 , G 3 and O 3 . For the data with calibration parameters applied the box chart of the RMS values for each bin is depicted in figure 9 . This figure shows that the differences are smallest up to 120 nT. After matching the gains, we did another fit only with data below 120 nT and solved only for O 3 via a simple onedimensional minimum search algorithm with a finest step size of 0.01 nT. We obtain a new value of O 3 = −0.41 nT (see also table 1). The reason for the additional fit is that the offset error matters most for low fields whereas for higher fields the gain errors matter most. By doing the additional fit with applied gains and with low field only it is possible to make the fit more sensitive to offset errors.
After application of all the calibration parameters in the last row of table 1, the distributions for each bin have shifted toward zero. The distributions look symmetric except for the one for the highest fields (see figure 10) . The reason could be Figure 14. Zero level calculations for fields smaller than 120 nT. The data were binned to 33 bins with equal numbers of points (one bin is roughly 57 h). The data in the first bin were measured before the data in the second bin and so forth.
that the EDI gives the times of flight in rather coarse steps for higher fields (see figure 4) . Additionally the linear fit over the mean differences of all the bins (see figure 11 ) is repeated. It has dramatically improved. The gradient of the slope has become very small. The larger deviations from the fitted line before and after ∼325 nT could be due to a range change of the EDI at ∼325 nT and should not be interpreted as a nonlinearity of the magnetometer. The magnetometer shows extremely linear behavior of the spin plane sensors, as can be seen in figures 12 and 13. If the magnetometer were nonlinear, various higher harmonics of the spin frequency would be visible. The dynamic spectra do not contain any harmonics of the spin frequency. There is no strong reason to assume that the spin axis sensor is nonlinear. The FGM that use feedback loops are generally very linear instruments. The data that were used for the dynamic spectra reach ∼400 nT and were well calibrated. The FGM calibration includes the removal of steps that occur during magnetometer range changes.
Additionally, we bin the newly calibrated data that are smaller than 120 nT to 33 bins with equal numbers of measurements, but this time we bin according to time. This means that the data in the first bin were measured before the data in the second bin and so forth. One bin is roughly 57 h, which is the orbital period of the Cluster satellites. We calculate the zero levels (O 3 ) for each of the 33 bins and analyze the fluctuations. Figure 14 shows the results for all 33 bins. It can be seen that the offset values are not random but follow a trend. This trend could be due to a number of eclipses that occurred during the selected test interval.
As a second test interval we chose data from Cluster-1 between 4 September 2001 and 19 November 2001. This interval contains many more EDI data at low fields (see figure 15) . The linear fit across the mean differences (see figure 16) shows a similar result as in our previous Figure 18. Zero level calculations for fields smaller than 120 nT. The data were binned to 32 bins with equal numbers of points. The data in the first bin were measured before the data in the second bin and so forth. figure 10 ) except for two bins that are slightly double peaked. The results of the same fitting procedure applied to the second interval are given in table 2. Figure 17 confirms that changing gains almost completely removes the gradient of a linear fit. The three points below 120 nT are very close to zero, which additionally confirms the correct zero level. When binned according to time most zero levels are between roughly −0.2 and +0.2 nT (see figure 18 ). Larger variations of the zero levels (e.g. >1 nT) would not be reasonable. It is also important to note that if the spin axis component is small compared to the spin plane components, a large correction of the spin axis offset results in a relatively small correction of the field magnitude. For such cases it is possible to avoid unnecessary large corrections of the offset by searching for the smallest absolute offset correction that produces small enough RMS values of the fits. For calculation of the points in figure 18 a threshold for the RMS values of 0.08 nT was used. Additionally, the value of the spin axis component divided by the sum of the squares of the spin plane components can be used to judge the quality of the calculation. Values close to zero indicate that the field magnitude is not sensitive to small changes of the spin axis offset.
Conclusions
It is possible to conclude that after the gains between EDI and FGM have been matched, the spin axis zero levels can be calculated for relatively short time intervals (e.g. for each orbit). We show that the noise distributions of the EDI (differences from spin averaged magnetic field data) are mostly symmetric, which is important for least-squares fitting. For our chosen intervals there is a significant difference in gains between the magnetometer (FGM) and EDI. This difference was large enough to cause an ∼0.5 nT difference between the instruments for 120 nT fields. Such a difference is relevant for zero level determination. For this work, we used data and calibration files from the Cluster Active Archive. The technique and the results herein may be useful for the upcoming MMS mission (Curtis 1999) , which is currently scheduled to be launched in 2014. Each of the four MMS satellites will be equipped with two FGM as well as an EDI. The orbits of the four MMS satellites will only allow us to probe the interplanetary magnetic field for calibration (Leinweber et al 2008) during unusual solar wind conditions. Adjusting the spin axis offsets via the EDI with relatively short time intervals as input (e.g. one orbit of data) may be important for MMS. Future work could include comparisons between offset calculations inside the solar wind and offset calculations with the technique herein. Such an analysis could be performed with Cluster data for times when the spacecraft traveled through the interplanetary field on large parts of their orbits.
